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Purine alkaloids, including caffeine are found in varying quantities in the leaves, seeds and flowers of nearly 100 plants. Caffeine is most commonly consumed by humans in infusions extracted from the leaves of tea and the seeds of coffee plants. Tea is one of the two most popular beverages that include purine alkaloids. Alkaloid metabolism in coffee plants, which are a further important source of caffeine-containing beverages, was reviewed by one of us recently [1] . Below, we review molecular biological studies of the biochemistry of purine alkaloids, and also some physiological studies related to purine alkaloids in Camellia plants, including tea. Finally, the ecochemical role of purine alkaloids of tea plants is considered briefly.
Distribution
The genus Camellia comprises more than 82 species [2] .
In some, accumulation of three purine alkaloids, caffeine, theobromine and theacrine, has been observed ( Figure 1 ). Small amounts of some intermediates of caffeine biosynthesis and catabolism, such as 7-methylxanthine and theophylline, have also been detected. Caffeine has been found in C. sinensis, C. assamica, C. taliensis and C. kissi [3] . Theobromine is the major alkaloid in [4] and C. ptilophylla [5] . Tetramethyluric acid, or theacrine, has been observed in C. assamica var. kucha [6] . In contrast, most Camellia species including C. japonica, do not produce purine alkaloids [7] . Hybrids such as C. sinensis x C. japonica contain caffeine, so that the ability to synthesize purine alkaloids appears to be a dominant characteristic [8] .
C. irrawadiensis
Purine alkaloids accumulate mainly in leaves [9] , but the stamens and petals of flowers also contain caffeine and/or theobromine; the species-to-species pattern of purine alkaloid distribution is very similar to that in young leaves [7, 8] . In the dry fruit, the pericarp contains the most alkaloids, but there are also considerable amounts in the seed coat and, to a lesser extent, the fruit stalk and the seed [10, 11] . Germinating seeds also contain significant amounts
Biosynthesis
Purine alkaloids are derived from purine nucleotides. Theobromine is a precursor of caffeine, and theacrine is synthesized from caffeine ( Figure 2 ). Purine nucleotides are formed by the de novo and salvage pathways [13] [14] [15] . Use of IMP formed from the de novo pathway in caffeine biosynthesis has been demonstrated in young tea leaves using [
15 N]glycine and [ 14 C]5-aminoimidazore-4-carboxamide ribonucleoside and inhibitors of de novo purine biosynthesis [16] . IMP was formed from these compounds and then converted to xanthosine via XMP. These reactions are catalyzed by IMP dehydrogenase and 5′-nucleotidase. Ribavirin, an inhibitor of IMP dehydrogenase, lowered the rate of caffeine biosynthesis in tea leaves [17] , so that this reaction seems to be included in caffeine biosynthesis.
Some of the xanthosine used for caffeine biosynthesis is derived from the adenine and guanine nucleotide pools which are produced by the de novo and the salvage pathways. There are several possible pathways for xanthosine synthesis from AMP, but the AMP → IMP → XMP → xanthosine route is the most likely. The three enzymes involved in the conversion, AMP deaminase, IMP dehydrogenase and 5′-nucleotidase, have all been detected in tea leaves [18] . Xanthosine is also produced from guanine nucleotides by a GMP → guanosine → xanthosine pathway. Guanosine deaminase activity is found in cell-free extracts from young tea leaves [19] .
S-adenosyl-L-methionine (SAM) is the methyl donor for caffeine biosynthesis (see below). In this process SAM is converted to S-adenosyl-L-homocysteine (SAH), which is in turn hydrolyzed to homocysteine and adenosine. Homocysteine is recycled via the SAM cycle to replenish SAM levels, and adenosine is released from the cycle. Adenosine released from the cycle is converted to AMP directly and indirectly via adenine. AMP is converted to xanthosine and is used for caffeine biosynthesis. Since three moles of SAH are produced via the SAM cycle for each mole of caffeine that is synthesized, this pathway is theoretically capable of providing by itself both the purine skeleton and the methyl groups required for caffeine biosynthesis in young tea leaves [18] .
The biosynthetic pathway of caffeine from xanthosine is known as the "core" pathway of caffeine biosynthesis [20] . Clones of coffee genes isolated that belong to the caffeine synthase family are classified into three groups according to the substrate specificity of the enzyme protein: 7-methylxanthosine synthase, theobromine synthase, and caffeine synthase.
The first step is the conversion of xanthosine to 7-methylxanthosine. This reaction is catalysed by 7-methylxanthosine synthase (xanthosine 7N-methyltransferase, EC 1.1.1.58). 7-Methylxanthosine synthase uses xanthosine as the substrate. Genes of this enzyme were isolated from Coffea arabica [21, 22] , but cloning from tea is still unsuccessful. The second step of caffeine biosynthesis involves a nucleosidase that catalyses the hydrolysis of 7-methylxanthosine. Although N-methylnucleosidase has been partially purified from tea leaves [23] , cloning of the gene encoding this enzyme has not yet been achieved. Recent detailed molecular structural studies of coffee 7-methylxanthosine synthase suggest that methyl transfer and nucleoside cleavage are coupled and catalyzed by a single enzyme [24] . It is not yet clear whether the first two steps of caffeine biosynthesis are catalyzed by a single enzyme or by two distinct enzymes in tea plants.
The last two steps of caffeine synthesis are catalyzed by SAM-dependent N-methyltransferase(s) (theobromine synthase, EC 2.1.1.159 and/or caffeine synthase, EC 2.1.1.60), distinct from the N-methyltransferase (EC 2.1.1.58), which catalyses the first step of the pathway. A highly purified native N-methyltransferase preparation has been obtained from young tea leaves [25] . The enzyme, given the name caffeine synthase (EC 2.1.1.160), catalyses the last two steps of caffeine biosynthesis, namely the conversion of 7-methylxanthine to caffeine via theobromine.
Caffeine synthase catalyzes methylation of the 1-N and 3-N of mono-and dimethylxanthines. The gene encoding caffeine synthase has been cloned from young tea leaves [26] . The properties and genes of N-methyltransferases of caffeine biosynthesis are described in a later section.
Radiolabelled tracer experiments with theobromineaccumulating C. irrawadiensis and C. ptilophylla found a limited conversion of theobromine to caffeine [7, 27] . N-Methyltransferase activity, which catalyses the conversion of 7-methylxanthine to theobromine, but not theobromine to caffeine, has been detected in crude extracts from C. ptilophylla [27] . Theobromine is synthesized from [8- 14 C]adenine. Neither cell-free extracts nor segments from C. ptilophylla leaves convert [8- 14 C]theobromine to [ 14 C]caffeine [27] . Recently, genes encoding theobromine synthase, which catalyze only 3-N methylation, were isolated from theobromine-accumulating Camellia plants, including C. ptilophylla and C. irrawadiensis [28] .
Theacrine is the major purine alkaloids in leaves of kucha (Camellia assamica var. kucha) [6] . Leaf discs incorporate [methyl- 14 C]SAM into theacrine as well as theobromine and caffeine, indicating that SAM acts as the methyl donor not only for caffeine biosynthesis but also for theacrine production. [8- 14 C]Adenosine and [8-14 C]caffeine are both converted to theacrine. It follows that theacrine is synthesized from purine nucleotide via caffeine. Conversion of caffeine to theacrine probably occurs by successive oxidation and methylation, with 1,3,7-methyluric acid as the intermediate [6] .
N-methyltransferases involved in the biosynthesis
Three methylation steps occur in caffeine biosynthesis.
S-adenosyl-L-methionine (SAM), which is the methyl donor of numerous biological reactions, is the purine base methyl donor in caffeine biosynthesis [29] . Fujimori et al. [30] confirmed the activities of the three N-methyltransferases in tea-leaf extracts and found that they were present in high levels in very young developing leaves, but were absent in older developing leaves. The first N-methyltransferase from the caffeine biosynthesis pathway to be biochemically characterized was cloned from young tea leaves and designated TCS1 [25, 26] . The full length of TCS1 consists of 1,438 bp and encodes a protein of 369 amino acids. This result was a breakthrough which led to the isolation of many N-methyltransferase genes involved in caffeine biosynthesis in Camellia and Coffea species. TCS1 (AB031280) is an N-methyltransferase catalyzing the second and third methylation. However, the function of TCS2 (AB031281), which is paralogous to TCS1, has not been identified. The full length of TCS2 consists of 1,405 bp and encodes a protein of 365 amino acids [28] .
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Kato & Ashihara Some purine alkaloid-producing species, including C. irrawadiensis and C. ptilophylla, accumulate theobromine rather than caffeine. Theobromine synthase activity has been detected only in the crude extract from C. ptilophylla [27, 28] . Yoneyama et al. [28] reported the isolation and characterization of N-methyltransferase genes from theobromineaccumulating species.
Two N-methyltransferase genes were identified, from C. irrawadiensis and C. ptilophylla, respectively. The total lengths of ICS1 and ICS2 from C. irrawadiensis (AB056108 and AB207816), PCS1 and PCS2 from C. ptilophylla (AB207817 and AB207818), are respectively 1,432, 1,413, 1,394, and 1,357 bp, and encode 363-365 amino acids. The predicted amino acid sequences of caffeine synthase and theobromine synthase genes from Camellia species are more than 80% homologous with those of the clones, but share only 40% homology with those from Coffea arabica. On the other hand, theobromine synthase gene from Theobroma cacao has an overall 55% homology with orthologous genes derived from Camellia plants. As shown in Figure 3 , the homology between N-methyltransferases in the same genus is very high, but the homology between the orthologous genes is low. This fact indicates that caffeine biosynthesis evolved independently in each plant.
Joshi and Chiang [31] proposed three conserved motifs (A, B and C) of the binding site of the methyl donor SAM in plant methyltransferase. There is no motif B in members of the caffeine synthase family, however. In other words, there are four highly conserved regions, motif A, motif B', motif C and the YFFF region, as well as coffee N-methyltransferases [32] . The motif B' and the YFFF region are specific to the novel motif B' methyltransferase family, including caffeine synthase [33] . For example, SAMT (SAM:salicylic acid carboxymethyltransferase) [34] [35] [36] , BAMT (SAM: benzoic acid carboxyl methyltransferase) [37] , JAMT (SAM: jasmonic acid carboxylmethyltransferase) [38] and FAMT (SAM:farnesoic acid carboxylmethyltransferase) [39] belong to the motif B' methyltransferase family. Most members of this family catalyze the formation of small molecule methyl esters, using SAM as a methyl donor and substrate with a carboxyl group as methyl acceptors. N-methyltransferases involved in the biosynthesis of nicotine and coclaurine do not belong to the motif B' methyltransferase family [40, 41] . The sources of the sequences from Coffea arabica and Theobroma cacao are as follows: CmXRS1, AB034699; CTS1, AB034700; CCS1, AB086414; CtCS3, AB054842; BTS1, AB096699. Modified from [28] .
When various xanthine derivatives were used as substrate for recombinant enzymes from theobromine-accumulating Camellia species, 7-methylxanthine was the specific methyl acceptor, followed by paraxanthine, which was 10% as active as 7-methylxanthine in ICS1 and PCS1. Consequently ICS1 and PCS1 are theobromine synthase. The function of ICS2 and PCS2 has not yet been identified. Yoneyama et al. [28] showed that R 210 of TCS1 plays a critical role in substrate discrimination by site-directed mutagenesis. The experimentally determined Clarkia SAMT structure served as an effective template for modeling the active sites of the N-methyltransferases involved in caffeine biosynthesis, and the results obtained in silico support the site-directed mutagenesis experiments [42] . However, the final substrate specificity of caffeine synthase and theobromine synthase should be determined by more than two separated residues. On the other hand, there is no corresponding amino acid residue in coffee caffeine synthases. Recently, the amino acids critical for substrate discrimination were indicated by a study of the chemical structure of N-methyltransferases from Coffea canephora [24] .
Catabolism
Little information is available for the catabolism of purine alkaloids in C. sinensis, although the pathways have been investigated using various 14 C-labelled purine alkaloids [43, 44] . The results suggest that the caffeine degradation pathway via theophylline is operational. In young leaves, sizable amounts of [8- 14 C]theophylline are salvaged for the synthesis of Biosynthesis and catabolism of purine alkaloids Natural Product Communications Vol. 3 (9) 2008 1433 caffeine via 3-methylxanthine and theobromine. In the theobromine accumulating-species Camellia ptilophylla, catabolism of [2-14 C]theobromine was very slow, and only small amounts were converted to xanthine, which enters the conventional purine catabolic pathway and is degraded to CO 2 and NH 3 [27] .
Plant physiological studies
Caffeine is synthesized in leaves, flowers (stamens and petals) and fruits (pericarps and seeds) of C. sinensis plants [8, 9, 45, 46] . Purine alkaloids appear to be synthesized in organs where they are accumulated. Transport of purine alkaloids between organs seems to be absent or very rare.
Tracer experiments using precursors of caffeine have shown that caffeine biosynthesis from purine nucleotides occurs only in young tissues of tea [8, 9, 43, 45, 46] . Seasonal variations in caffeine biosynthetic activity have been investigated using tea leaf discs, prepared at monthly intervals over the course of a one year period, from plants grown under natural field conditions in Japan [30] . Incorporation of radioactivity into theobromine and caffeine occurred only in young leaves harvested between April and June. Furthermore, the activities of the three N-methyltransferases associated with caffeine biosynthesis were detected only during this limited three month period. This indicates that, in fieldgrown plants, caffeine biosynthesis is restricted to young leaves of new shoots in the spring. The relative amounts of transcripts of TCS1 (AB031280) and TIDH (EU106658) genes, which respectively encode tea caffeine synthase and tea IMP dehydrogenase, are higher in young leaves that in mature leaves and other organs, suggesting that high caffeine biosynthesis in young leaves depends mainly on expression of the TCS1 and TIDH genes [47] .
In young tea leaves, [8- 14 C]theophylline and [2-
14 C]xanthine are also utilized for caffeine biosynthesis via 3-methylxanthine [43] . Since theophylline, 3-methylxanthine and xanthine are catabolites of caffeine, these purine alkaloids may therefore be re-utilised for caffeine synthesis in young leaves. Although conversion of xanthosine to theobromine, comprising the initial three steps of the caffeine biosynthetic pathway, occurs only in young leaves, metabolism of [ 14 C]theobromine to caffeine takes place even in mature tea leaves [43, 48] . The last step of caffeine synthesis is, therefore, not restricted to young leaves.
Biosynthetic activity in stamens and petals is high prior to the opening of flowers [8] . In fruits of Camellia sinensis, the levels of caffeine and theobromine increase markedly during the growing season until the fruit is fully mature and dry [11] . Caffeine biosynthesis has been detected in the pericarp and seeds of tea fruits, with the highest biosynthetic capacity occurring in young tissues [46] . In C. ptilophylla, theobromine synthesis in young and mature leaves of flush shoots from 1-year-old plants is ten times faster than in aged leaves [6] .
Theacrine and caffeine are the major purine alkaloids in leaves of kucha (Camellia assamica var. kucha). Endogenous levels of theacrine (2.8% dry weight) and caffeine (0.6-2.7%) in expanding buds and young leaves are higher than in mature leaves. Shading generally increases caffeine levels in tea leaves when expressed as a percentage of dry weight [49] . Light does not have any significant influence on caffeine biosynthesis in tea leaves, however [12, 50] . Although a slight increase in caffeine degradation was detected [12] , light-mediated changes in caffeine content may be a consequence of changes in the levels of other compounds.
The ecological role of purine alkaloids has been discussed by Waller's group and Baumann's group, based mainly on the results from coffee plants [51] [52] [53] [54] . Similar considerations should apply in Camellia plants [55] . There are two hypotheses concerning the role of caffeine in plants. The chemical defense theory asserts that the high concentrations of caffeine in young leaves, fruits and flower buds act as a chemical defense to protect soft tissues from predators, such as insect larvae. The allellopathic or autotoxic functional theory asserts that caffeine in seed coats and in fallen leaves is released into the soil and inhibits germination of seeds of that and other species. These mechanisms are involved in protection against herbivores, regulation of plant spacing and suppression of competitive plants [53] .
